Epigenetic parental genetic effects are important in many biological processes but their roles in the evolution of adaptive traits and their consequences in naturally evolving populations remain to be addressed. By comparing two divergent blind cave-dwelling cavefish populations with a sighted surface-dwelling population (surface fish) of the teleost Astyanax mexicanus, we report here that convergences in vibration attraction behavior (VAB), the lateral line sensory receptors underlying this behavior, and the feeding benefits of this behavior are controlled by parental genetic effects, either maternal or paternal inheritance. From behavioral studies and mathematical evolutionary simulations, we further demonstrate that disparity in nuclear and mitochondrial DNA in one of these cavefish populations that has hybridized with surface fish can be explained by paternal inheritance of VAB. The results suggest that parental genetic effects in adaptive behaviors may be important factors in biasing mitochondrial DNA inheritance in natural populations that are subject to introgression.
Parental genetic effects are defined as the preferential inheritance of traits derived from a maternal or paternal parent and are often based on epigenetic processes (Mousseau and Fox 1998; Qvarnström and Price 2001) . The recent discovery of about 1300 loci showing parental bias of gene expression in the mouse brain (Gregg et al. 2010) suggests that epigenetic parental genetic effects could have important roles in many biological processes (Richards 2006; Chong et al. 2007 ). However, little is known about the relative impacts of maternal and paternal inheritance on the evolution of behavior.
The teleost Astyanax mexicanus is an excellent model organism for studying the evolution of behavior during adaptation to a novel environment: the perpetual darkness of caves (Mitchell et al. 1977; Wilkens 1988; Jeffery 2001 Jeffery , 2008 Jeffery , 2009 . Within the past few million years, at least five independent colonizations by two different migrating waves of surface fish established 29 geographically isolated Astyanax cavefish populations in northeastern Mexico (Ornelas-García et al. 2008; Bradic et al. 2012; Strecker et al. 2012) . After subsequent radiation underground, the founder cavefish populations became isolated in separate caves and evolved adaptive phenotypes to counteract the loss of vision, such as enhanced sensory systems and behavioral changes (Wilkens 1988; Jeffery 2005; Menuet et al. 2007; Varatharasan et al. 2009; Yamamoto et al. 2009 ). Despite this isolation, Astyanax surface fish and cavefish are completely interfertile, allowing the evolution of adaptive traits to be studied by genetic analysis.
Vibration attraction behavior (VAB), which is defined as the swimming of cavefish toward oscillating objects in water, is one of the constructive traits that have evolved to adapt cavefish to life in darkness (Yoshizawa et al. 2010 ). VAB is beneficial for feeding in the dark, heritable, and depends on an increase in the number and size (diameter) of superficial neuromasts (SNs) (Yoshizawa et al. 2010 ), a type of sensory hair cell receptor in the teleost lateral line system. A small proportion of laboratory raised surface fish show a weak form of VAB, suggesting that this behavior may be subject to standing genetic variation in the lighted natural environment. In lighted environments, VAB may be risky because of predation, whereas in dark cave environments, which are devoid of macroscopic predators, it may be beneficial for feeding under conditions of food limitation. It has been proposed that the surface fish ancestors of cavefish became adapted to dark caves by positive selection for VAB, which was followed by continued selection for amplification of this behavior and its underlying sensory receptors, eventually resulting in the strong form of VAB exhibited by present-day cavefish (Yoshizawa and Jeffery 2011) . VAB has converged in multiple cavefish populations (Yoshizawa et al. 2010) , including those with different evolutionary histories in the Pachón and Los Sabinos caves (Dowling et al. 2002; Ornelas-García et al. 2008; Bradic et al. 2012; Strecker et al. 2012) , but the genetic basis for VAB is unknown.
Pachón cavefish, but not Los Sabinos cavefish, exhibit a disparity between nuclear DNA (nDNA), which resembles the nDNA of other cavefish populations, and mitochondrial DNA (mtDNA), which groups with nearby surface fish mtDNA (Dowling et al. 2002; Strecker et al. 2003 Strecker et al. , 2012 . The presence of surface fish mtDNA in Pachón cavefish is thought to be the result of a fairly recent episode of introgression with surface fish (Langecker et al. 1991) followed by differential fixation of maternally inherited surface fish mtDNA (Brown 2008) in the hybrid cavefish population. Here, we conduct genetic analysis to establish the mode of inheritance of VAB. We demonstrate that convergence of VAB and its underlying sensory receptors is controlled by different genetic mechanisms in Pachón and Los Sabinos cavefish, paternal and maternal inheritance, respectively, and that paternal inheritance of this adaptive behavior can explain the disparity between nDNA and mtDNA in Pachón cavefish.
Methods

BIOLOGICAL MATERIALS
The experiments were performed on laboratory-raised A. mexicanus cavefish and surface fish (Jeffery et al. 2000; Yamamoto et al. 2003 Yamamoto et al. , 2009 Yoshizawa and Jeffery 2008) . Fish used in the assays ranged from three months to two years old and were fed living Artemia larvae. The number of individuals used in Figure  1A -C, E-G was as follows, surface fish (Sf): n = 19; Pachón cavefish (Cf): n = 19; F1 hybrids from Sf ♀ × Pachón Cf ♂ cross (F1 SC ): n = 77 (11 independent families); F1 hybrids from Pachón Cf ♀ × Sf ♂ cross (F1 CS ): n = 56 (13 independent families); Los Sabinos Cf: n = 20; Los Sabinos F1 SC : n = 53 (six independent families; Los Sabinos F1 CS : n = 70 (six independent families). All hybrids were generated by in vitro fertilization. The procedures described below were approved by the University of Maryland Animal Care and Use Committee and conformed to NIH guidelines.
VAB ASSAY
VAB was assayed as previously described (Yoshizawa et al. 2010) . At four or five days before the beginning of an assay, individuals were acclimated in a cylindrical assay chamber (Pyrex 325-mL glass dish, 10 cm diameter × 5 cm high, Corning, Corning, NY) filled to 30-35 mm with conditioned water. During the assays, the VAB stimulus was created using a 7.5-mm diameter glass rod inserted 15-18 mm into the water supported by a 1-mm thick and 95-mm long transparent plastic plate. Vibration stimuli were produced mechanically at 35 Hz by a Leader LG1301 function generator (Leader Instruments Corp., Cypress, CA) with an audio speaker (Pro Speakers, Apple, Cupertino, CA). Swimming movements were video recorded for a 3-min period under the infrared illumination (880 nm wave length, BL41192-880 black light, Advanced Illumination, Rochester, VT). An infrared CCD camera (Qicam IR, Qimaging, Surrey, Canada) with a zoom lens (Zoom 7000, Navitar, Rochester, NY) was used to capture images at 10 frames/sec using StreamPix 3.36.0 video recording software (NorPix, Montreal, Canada). ImageJ 1.35s software (NIH, Bethesda, MD) was used for video analysis.
PREY-CAPTURE COMPETITION ASSAY
F1 hybrids showing typical VAB levels (e.g., three square-rooted number of approaches (NOA) for F1 SC and 2 NOA for F1 CS ; see Fig. 1A ) were selected from different families for the prey competition assays and marked with an Alcian Blue tattoo near their dorsal fins. Five days prior to the assay, a pair of tattooed fish was transferred to a test aquarium (12 × 20 × 10 cm), deprived of food, and subjected to complete darkness. On the day of the assay, drops of living Artemia (brine shrimp) larvae were added to the aquarium, and strikes at prey were recorded for 1 min with the infrared camcorder (DCR-SR200C, Sony, Tokyo, Japan). The number of strikes at brine shrimp was counted for each fish using JWatcher + Video (Blumstein and Daniel 2007) , and the total number of strikes for pairs was calculated by Microsoft Excel macro. Then, the ratio of strike numbers of a dominating fish was calculated. Each competition combination used four to five independent pairs (10 F1 hybrids from six independent families for Pachón Cf crosses and 10 F1 hybrids from two independent families for Los Sabinos Cf crosses), and the assay was repeated twice. The ratios of strike numbers were then averaged between the two trials.
B R I E F C O M M U N I C AT I O N
NEUROMAST VITAL STAINING
Neuromasts were vitally stained with 2-(4-(dimethylamino) styryl)-N-ethylpyridinium iodide (DASPEI; Invitrogen, Eugene, OR) (Jørgensen 1989) . Fish were immersed in 5 μg/mL DASPEI dissolved in conditioned water (conductivity approximately 600 μS) for 1 h, followed by immersion in ice-cold 66.7 μg/mL ethyl 3-aminobenzoate methane sulfonate salt (MS222, Sigma, St. Louis, MO) in conditioned water, viewed with a fluorescence microscope (Axioskop 2 equipped with 2.5×Plan-Neofluar lens and a FITC filter set; Zeiss, Göttingen, Germany), and photographed with a Zeiss Axiocam CCD camera. Neuromasts were quantified on images of DASPEI-stained fish using ImageJ software. SNs were counted in the cranial third suborbital bone region (Yamamoto et al. 2003) . The longer diameter of elliptical SN was measured in the 10 largest stained neuromasts in the same area.
SEX DETERMINATION
Sexes were distinguished by the shape and size of the gut. In males, the gut turns at an acute angle toward the anus, whereas in females, the gut makes larger angle (> 50
• ) to encompass the ovary. Females, in contrast to males, also show a swelled gut in the region where the ovary is located. In some cases, sex could not be determined by these criteria, and these fish were excluded from the analysis.
MATHEMATICAL SIMULATION
Population genetics simulation software, simuPOP (version 1.0.4) (Peng and Kimmel 2005) , was used to simulate parental genetic effects and conventional genetic models. Briefly, the size of a diploid population with one nuclear and one mitochondrial locus was set as 500 or 5000, based on the estimated population size of Pachón cavefish (1300∼18,200) and its effective size (220∼990) (Mitchell et al. 1977; Panaram and Borowsky 2005) . We assigned the populations sizes as 10, 50, or 250 for the number of introgressed surface fish. The selection coefficient (s) was surveyed from 0.0 to 0.5. Random mating was assumed (Ş adoglu 1979, Plath et al. 2006 , and our observations). The simulations were repeated 400∼2000 times and nuclear and mitochondrial loci were tracked for 10,000 generations. Perl 5.10 and Microsoft Excel macro were used for further data analyses. 
STATISTICS
Results
To determine the mode of inheritance of VAB and SN enhancement, bidirectional crosses were conducted in which surface fish females (♀) were mated with cavefish males (♂) and cavefish ♀ were mated with surface fish ♂. We established 36 independent hybrid families and assayed up to 256 F1 progeny. The data in Figures 1A-C , E-G and 2B represent the pooled results obtained from all of the offspring raised in similar laboratory conditions. We crossed 11 different pairs of surface fish ♀ and Pachón cavefish ♂ and 13 different pairs of Pachón cavefish ♀ and surface fish ♂ producing a total of 77 and 56 F1 hybrid progeny, respectively. The F1 hybrids sired by cavefish ♂, but not those sired by surface fish ♂, showed VAB (Fig. 1A) . No significant differences were detected between different families in each bidirectional cross (one-way analyses of variance [ANOVA] test, F 10,66 = 1.3, P = 0.27, n = 77 in each family for F1 progeny from the surface fish ♀ × cavefish ♂ crosses [F1 SC ], and F 12,43 = 1.4, P = 0.22, n = 56 for F1 progeny from the cavefish ♀ × surface fish ♂ crosses [F1 CS ]), arguing against the possibility that the results could reflect genetic variation in the parental populations (Yoshizawa et al. 2010) . To assess the possible role of sex linkage, VAB was examined in a total of 82 ♀ and ♂ from 24 different families, and no significant differences were observed in VAB between F1 CS or F1 SC males and females ( Fig. 2A, B) . Thus, the results strongly suggest that VAB is inherited as a paternal rather than a sex-linked genetic effect in Pachón cavefish.
The F1 hybrids resulting from the same Pachón cavefish × surface fish bidirectional crosses also showed asymmetric inheritance of SN. Based on measurements of SN in the cranial third suborbital bone region (Yamamoto et al. 2003) , F1 SC exhibited a significant increase in SN number (153 individuals in 24 families) compared to F1 CS (one-way ANOVA planned-contrast test: t 96.2 = 4.7, P < 0.001), although no differences in SN diameter size (151 individuals in 24 families) were found between the two types of hybrids (one-way ANOVA planned-contrast test: t 108.3 = 1.1, P = 0.27; Fig. 1B , C, and K-M). Furthermore, no differences in the number of SN were detected when different sexes were examined in hybrids (Fig. 2B) , implying a paternal genetic effect.
To determine whether the advantage in feeding related to VAB is also paternally inherited, prey-capture competition assays were conducted with 10 F1 hybrids selected from six different families. The results showed that F1 SC dominated in prey strikes over Pachón cavefish and F1 CS (Fig. 1D) genetic effect in VAB-assisted prey capture. The high competition capacity in F1 hybrids (middle bar in Fig. 1D , and right bar in Fig. 1H ) could be the sum of parental inheritance of VAB and SN combined with aggression caused by high heterozygosity (Garten 1976; Tiira et al. 2003) . In summary, the results revealed paternal inheritance of VAB, SN number, and VAB-related feeding advantage in Pachón cavefish, providing the first example of an adaptive behavior and its underlying sensory receptors controlled by paternal genetic effects.
We crossed six different pairs of surface fish ♀ and Los Sabinos cavefish ♂ and six different pairs of Los Sabinos cavefish ♀ and surface fish ♂ producing a total of 53 and 70 F1 hybrid progeny, respectively. The F1 progeny of bidirectional crosses between Los Sabinos cavefish and surface fish also showed a significant asymmetric distribution of VAB ( Fig. 1E ; one-way ANOVA planned-contrast test: t 120.3 = −3.9, P < 0.001), which was independent of sex ( Fig. 2A, B ) and thus also interpreted as a parent of origin genetic effect. Instead of a paternal genetic effect, however, VAB in Los Sabinos cavefish showed a significant maternal genetic effect (Fig. 1E) . Also in contrast to Pachón cavefish, SN size, but not number, showed an asymmetric distribution in F1 hybrids derived from bidirectional crosses of Los Sabinos cavefish and surface fish (one-way ANOVA plannedcontrast test for SN number: t 109.7 = 0.1, P = 0.91; for SN size: t 115.5 = −6.0, P < 0.001; Fig. 1F , G, and N-P). Because SN number is more strongly correlated with VAB than SN size in Pachón cavefish (Yoshizawa et al. 2010) , these results prompted us to investigate the relationship between SN number and size and VAB in Los Sabinos cavefish. The results showed that SN size is more strongly correlated with VAB than SN number in Los Sabinos cavefish (Fig. S1) , providing further support for different mechanisms underlying VAB in the two cavefish populations. In prey-capture competition assays, F1 hybrids mothered by Los Sabinos cavefish dominated over those mothered by surface fish and over the parental Los Sabinos cavefish (Fig. 1H , total 10 F1 hybrids representing two different families). Therefore, the results show that VAB, SN enhancement, and VABrelated feeding advantages are inherited maternally in Los Sabinos cavefish. The genetic analyses indicate that convergence of VAB in Pachón and Los Sabinos cavefish is controlled by different parental genetic mechanisms, paternal, or maternal inheritance, respectively.
The disparity between mtDNA and nDNA in Pachón cavefish (Dowling et al. 2002; Strecker et al. 2003 Strecker et al. , 2012 , which is also seen in many other hybridized species (Ballard and Whitlock 2004; Chan and Levin 2005) , has been attributed to a hybridization event (Langecker et al. 1991) in which the original cavefish mtDNA was replaced by mtDNA from introgressing surface fish. In general, random genetic drift in small populations or positive selection for introgressed mitochondria have been proposed to explain mtDNA disparity (Ballard and Whitlock 2004) , although there is no empirical evidence supporting either possibility in Pachón cavefish. Considering the mode of VAB inheritance revealed above, an alternative explanation could involve selection for an adaptive trait based on a paternal genetic effect. Accordingly, F1 SC carrying surface fish mtDNA would show VAB and an advantage in prey capture, but F1 CS carrying cavefish mtDNA would not be competitive and removed from the population (Fig. S2) , resulting in disparity between mtDNA and nDNA. This hypothesis is supported by prey-capture competition assays in which F1 CS were subordinate to original Pachón cavefish (right bar in Fig. 1D ) but F1 SC showed significant dominance over cavefish (middle bar in Fig. 1D ), suggesting that F1 SC would have an advantage for survival in the cave environment. We further tested this hypothesis by genetic simulations (Peng and Kimmel 2005) . Using a random mating scenario (Ş adoglu 1979 (Ş adoglu , Plath et al. 2006 , and our observations), we compared the following four possible genetic models: Pachón-type, typical paternal, Los Sabinos type (as a control), and typical maternal genetic effect of an autosomal gene (Fig. 3A, B) . In all the parameter combinations of population size and the number of hybridizing surface fish tested (see Methods) , only the Pachón-type paternal genetic effect gave a higher probability for fixation of surface fish mtDNA than genetic drift (Figs. 3A and S3 ).
Discussion
The results of the present investigation show that convergent evolution of VAB and its underlying sensory receptors in two divergent Astyanax cavefish populations is based on different parental genetic effects, either paternal or maternal inheritance. Furthermore, our studies demonstrate that paternal inheritance of an adaptive trait such as VAB can explain the disparity between mtDNA and nDNA in Pachón cavefish.
The finding of parental genetic effects in VAB, SN enhancement, and VAB-related feeding benefits in different cavefish populations provides the first example of convergent evolution of adaptive traits via paternal or maternal inheritance. These results have several important implications. First, they show that different genetic mechanisms can lead to the same evolutionary consequences, in this specific case, a change in behavior that is adaptive for living in a dark cave environment. Second, they suggest that epigenetic processes may be important in the evolution of novel traits. Third, if epigenetic processes are indeed involved in this behavioral change, they imply that additional considerations, such as paternal imprinting, must be taken into account to completely understand the genes and mechanisms involved in cavefish evolution. Our results open a pathway to investigating the relative contributions of parental genetic effects on evolutionary processes. Previous studies have shown that constructive evolution of SN is required for VAB (Yoshizawa et al. 2010) . A key to understanding the basis of differential parental inheritance of VAB may be related to the contrasting roles of SN number and size in the two cavefish populations. In Pachón cavefish, paternal inheritance affected the number but not the size of SN, whereas in Los Sabinos cavefish, maternal inheritance was observed in SN size but not number. These results provide further support for differences in the mode of VAB inheritance in the two cavefish populations and also suggest that different epigenetic effects on SN number and size may be important factors in the convergent evolution of VAB in cavefish.
There are many examples of disparity between nDNA and mtDNA in natural populations (Ballard and Whitlock 2004; Chan and Levin 2005) but the ways in which these differences have evolved are not completely understood. Pachón cavefish are an excellent system to investigate this problem because there has been transfer and fixation of mtDNA from a nearby surface fish population, presumably during a recent introgression event (Langecker et al. 1991) . Here, we have shown that paternal inheritance of an adaptive behavioral trait such as VAB is an attractive explanation for this disparity. Two lines of evidence support this possibility. First, F1 hybrids produced from Pachón cavefish males and surface fish females (F1 SC ), which show VAB and carry surface fish mtDNA, are strong competitors of F1 hybrids produced by crosses in the opposite direction (F1 CS ) and of the original cavefish in prey-capture competition assays. Second, mathematical simulations show that only the Pachón type of paternal inheritance was able to drive surface fish mtDNA to fixation. Thus, we propose that paternal genetic effects in an adaptive behavior such as VAB could generate disparity in mtDNA and nDNA of Pachón cavefish (see Fig. S2 ) and other natural populations that are subject to introgression.
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